Type I signal peptidases are important membrane-bound serine proteases responsible for the cleavage of the signal peptide of the proteins. These enzymes are unique serine proteases that carry out catalysis using a serine/lysine catalytic dyad. In the present study, we report the isolation of type I signal peptidase from the malaria parasites Plasmodium falciparum, Plasmodium knowlesi, and Plasmodium yoelii and some characterization of type I signal peptidase of Plasmodium falciparum. We show that these enzymes are homologous to signal peptidases from various sources and also contain the conserved boxes present in other type I signal peptidases. The type I signal peptidase from P falciparum is an intron-less and a single-copy gene. The results also show that the enzyme from Plasmodium falciparum is subject to self-cleavage and it has been demonstrated to possess type I signal peptidase activity in E coli preprotein processing in vivo by complementation assay. This study will be helpful in understanding one of the important metabolic pathways "the secretory pathway" in the parasite and should make an important contribution in understanding the complex process of protein targeting in the parasite.
INTRODUCTION
Signal peptidases are a widespread family of enzymes which catalyze the hydrolytic cleavage of the N-terminal signal peptide from translocated preproteins thereby releasing secreted proteins from the membrane and allowing them to locate to their final destination [1, 2] . It has been suggested that the signal peptidase plays a key role in the secretion process by removing the signal peptide and releasing the mature protein. The signal peptidases are unique serine proteases that carry out catalysis using a serine/lysine dyad instead of the prototypical serine/histidine/aspartic acid triad found in most serine proteases. Type I signal peptidase is responsible for the cleavage of signal peptides of a number of secreted proteins in bacteria and serves as a potential target for the development of novel antibacterial agents due to its unique biochemical and physiological properties [2] . So far signal peptidases have been found in bacteria, archaea, fungi, plants, and animals. In all the bacteria analyzed so far, type I signal peptidase has been shown to be essential for cell viability [2, 3, 4] . It has been shown that an E coli strain possessing a mutated leader peptidase gene (E coli IT41) has a drastically reduced growth rate [5] . It is interesting to note that the largest number of type I signal peptidases in one single species has thus far been found in the gram-positive eubacterium Bacillus subtilis. Five genes specifying type I signal peptidases are present on the Bacillus subtilis chromosome [6] . The corresponding enzymes denoted by SipS, SipT, SipU, SipV, and SipW, respectively, contain between 168 and 193 amino acids and various studies have shown that these enzymes have different but overlapping substrate specificities [6, 7, 8] . Type I signal peptidases are typically anchored to the membrane by amino-terminal transmembrane segment and have a carboxy-terminal catalytic domain that resides on the outer surface of the cytoplasmic membrane.
It is possible to identify five regions of high-sequence similarity and identity referred to as boxes A-E in type I signal peptidases [9] . Box A corresponds to the transmembrane segment and boxes B-E all reside in the carboxy-terminal domain and these contribute to a conserved catalytic type I signal peptidase protein fold [1] . It has been proposed that the Plasmodium trafficking machinery presents various similarities to that of other eukaryotic cells and many of the parasite-secreted polypeptides have a typical eukaryotic signal sequence at the Nterminus [10, 11] . It has also been demonstrated that protein targeting in Plasmodium falciparum is a two-step process mediated by bipartite N-terminal presequences that consist of a signal peptide for entry into the secretory pathway and a plant-like transit peptide for subsequent import into the apicoplast [12] . Recently, using the comparative genomic search, a homologue of type I signal peptidase has been identified in Plasmodium falciparum [13] . The evolutionary analysis revealed that the two putative plasmodial type I signal peptidases have three clusters of homologues: bacterial signal peptidases, an Arabidopsis chloroplast thylakoid processing peptidase, and mitochondrial inner membrane peptidases found in eukaryotes, which appear to be the nearest neighbor to the type I plasmodial signal peptidase [13] . The consensus signal peptidase recognition site is Ala-X-Ala, which provides a recognizable cleavage site and alanine is found especially frequently in all the positions of natural cleavage regions [14] . Besides Ala at −1 position, the other residues present at this position could be Ala, Gly, Ser, Cys, or Pro and at −3 position, the other residues could be Ala, Gly, Ser, Cys, Thr, Val, Ile, Leu, or Pro [14] . Recently, the gene encoding type I signal peptidase has been reported from the parasite Leishmania major and it has been shown that it is a significant target of the Leishmania specific immune responses [15] . Molecular and functional characterization of type I signal peptidase from human pathogen Legionella pneumophila has been reported recently and the results show that it is a target for a specific inhibitor of type I signal peptidase [16] . In the present study, we describe the cloning, isolation, and sequence analysis of type I signal peptidase from different malaria parasite species such as Plasmodium falciparum, Plasmodium knowlesi, and Plasmodium yoelii and some functional characterization of type I signal peptidase of Plasmodium falciparum. The type I signal peptidase from Plasmodium falciparum contains the catalytic dyad (serine 175, lysine 274) that is invariable across representative type I signal peptidase proteins with confirmed signal peptidase activity. The results show that the type I signal peptidase from Plasmodium falciparum is intron-less and it may be present only at single copy per haploid genome. Our results also show that all these signal peptidases contain the conserved boxes B-E present in signal peptidase from other species and the Plasmodium falciparum signal peptidase is subject to selfcleavage.
MATERIALS AND METHODS

Isolation of genomic DNA and PCR
Plasmodium falciparum (strain 3D7) was cultured using human erythrocytes with 5% haematocrit in RPMI media from Gibco supplemented with 10% human serum using a protocol described earlier [17] . The genomic DNA from this parasite culture was isolated using standard protocol [18] . The signal peptidase gene was amplified using Plasmodium falciparum genomic DNA as template and oligonucleotide primers. The sequences of all the primers used for amplification are shown in Table 1 . The primers contain restriction sites for cloning. For the amplification of the type I signal peptidases, the forward primer SPBF1 and the reverse primer SPBR1 were used with genomic DNA as template. The PCR conditions were one cycle of denaturation at 94
• C for 5 min followed by 35 cycles of denaturation at 94
• C for 1 min, annealing at 54
• C for 1 min and extension at 72
• C for 2 min and final extension was carried out at 72
• C for 10 min. Similarly for P yoelii the primer pair YSPF1 and YSPR1 and for P knowlesi the primer pair KSPF1 and KSPR1 were used with their respective genomic DNA as template. The PCR conditions were the same as described above except some variation in the annealing temperature. The PCR products were analyzed by agarose gel electrophoresis. The PCR products from all the amplifications were gel purified and cloned into pGEM-T vector (Promega) to generate the recombinant clones. The obtained DNA clones were sequenced by dideoxy sequencing reactions. The DNA band from the recombinant clone of P falciparum was excised using BamHI and HindIII enzymes and gel purified for subcloning into the expression vectors.
Southern blotting
For Southern blotting the Plasmodium falciparum genomic DNA was digested with BglII and NdeI. The digested DNA was electrophoresed on a 0.8% agarose gel and transferred to Nylon membrane according to standard protocol [18] . The PCR fragment of type I signal peptidase from Plasmodium falciparum was labeled using Random priming kit (Invitrogen, CA, USA) and α 32 P dCTP and was used as a probe for hybridization after purification. The membrane was pre-hybridized in 6 XSSC (SSC is 0.15 M NaCl, 0.15 M sodium citrate) and 5 X Denhardts solution for 3 h at 60
• C. Hybridization was done overnight in the prehybridization buffer containing the labeled probe at 55
• C. The blot was washed twice for 5 min at 25
• C with 5X SSC, 0.1% (w/v) SDS and then twice at 50
• C for 15 min with 2 XSSC and 0.1% SDS. The bands were visualized by autoradiography.
Isolation of RNA and preparation of cDNA
Total RNA was isolated from asynchronous P falciparum parasite lysate using RNeasy kit from Qiagen (GmbH, Germany). The optional step of DNase treatment was also included to remove the genomic DNA contamination. After checking the quality of RNA, this total RNA was used for the preparation of cDNA using cDNA synthesis kit (Superscript first-strand synthesis system from Invitrogen, Carlsbad, Calif, USA). The P falciparum type I signal peptidase was amplified from this cDNA preparation using the forward primer SPBF1 and reverse primer SPBR1 as described above.
Expression and purification of protein
The complete open reading frame of Plasmodium falciparum signal peptidase was subcloned into expression vectors pET-28b (Novagen) at BamHI at 5 -end and HindIII at 3 -end. Cloning at these sites includes the amino acids of the vector. Finally during protein translation 31 amino acids (including the 6 Histidines) of the vector at the N-terminal and 11 amino acids (including the 6 Histidines) at the C-terminal of the protein are added. The expression clones were transformed into E coli strain BL21(DE3)pLysS. Bacteria were grown in LB medium to A 600 nm = 0.6. The expression of recombinant protein was induced by 1 mM IPTG for various time points from 30 min to 4 h. To purify the recombinant protein, the harvested bacterial cells were subjected to sonication after resuspension in lysis buffer (50 mM Na 2 HPO 4 , pH 8.0, and 300 mM NaCl). After centrifugation at 4
• C, the pellet was resuspended in denaturing buffer (8 M urea in lysis buffer, 1% triton and protease inhibitor cocktail (Sigma)) and sonicated again. After centrifugation at 4
• C, the supernatant was allowed to bind to Ni 2+ -NTA-agarose matrix (Qiagen, GmbH, Germany) in binding buffer (denaturing buffer supplemented with 40 mM imidazole). The column was extensively washed with binding buffer supplemented with 100 mM imidazole. The recombinant His-tagged proteins were eluted with 500 mM imidazole in binding buffer. The protein was further dialyzed against the same buffer without any NaCl, imidazole, or urea. The final purified protein was checked for purity on 15% SDS-PAGE.
Western blotting
For Western blotting, the proteins were separated on SDS-PAGE and electrophoretically transferred to nitrocellulose membrane as described [19] . The membrane was blocked in 2% nonfat milk in Tris-buffered saline (TBS) and incubated with the primary antibody (PentaHis, Qiagen, GmbH, Germany) for 3 h at room temperature. The blot was washed and incubated for 1 h with the appropriate secondary antibody (Sigma) coupled to alkaline phosphatase. The blots were developed using BCIP and NBT (Sigma) according to the manufacturer's instructions. In some cases, the secondary antibodies conjugated to horseradish peroxidase were used and the blots were developed using chemiluminescent substrates (ECL-Western blotting detection reagents, Amersham Biosciences, UK) and X-ray film (Kodak).
Complementation assay
For the complementation assay, various plasmids were transformed into competent E coli strain IT41 cells [5] and selected on plates containing Luria broth (LBampicillin or kanamycin). The plates were incubated at 30
• C for 48 h. For control, plasmid pET28b was also transformed into E coli strain IT41 cells. For the complementation assay by growth curve, the transformed cells were grown in LB-containing ampicillin or kanamycin at 30
• C overnight. The resulting cultures were incubated with shaking at nonpermissive temperature at 42
• C after 100-fold dilution into fresh LB-media containing ampicillin and kanamycin mixture. The optical density at 600 nm was recorded at 30 min intervals for a period of 4-6 h. The experiment was repeated at least three times and the data were plotted.
RESULTS AND DISCUSSION
For the isolation of type I signal peptidases from various species, the genes were amplified using genomic DNA of various parasites such as P falciparum, P yoelii, and P knowlesi and the primers shown in Table 1 . The size of the amplified product for each species is shown in Figure  1a . The sequencing data revealed that the amplified gene for type I signal peptidase of P falciparum is 1047-base pair (PfSPB, Figure 1a , lane 2) (DDBJ/EMBL/GenBank database accession number AY582351) in length and it codes for a protein of 349 amino acids. The blast analysis of PfSPB against "PlasmoDB" database revealed that this gene is located on chromosome 13 of P falciparum and it contains no introns. The calculated molecular weight for PfSPB protein is ∼42 kd and the theoretical pI is 9.77. The "PlasmoDB" entry number for PfSPB is PF13 0118 and its expression profile shows that the maximum expression is in the "late" trophozoite stages of P falciparum. The sequence contains all the characteristics of signal peptidase family. To confirm the absence of introns in type I signal peptidase from P falciparum, total RNA from asynchronous parasite cultures was isolated. This total RNA was used for the construction of cDNA as described in materials and methods. Type I signal peptidase was amplified using this cDNA as template and the primers SPBF1 and SPBR1. The results revealed that the size of the amplified product is same as the size of the amplified product from genomic DNA (Figure 1b, lanes 2 and 3) . The sequencing data of this cDNA showed that the sequence is also identical to the type I signal peptidase amplified from genomic DNA. These data clearly confirm the absence of the introns in type I signal peptidase from P falciparum.
To examine if type I signal peptidase is present in other plasmodium species, full-length gene for type I signal peptidase was amplified from P yoelii and P knowlesi using genomic DNA as template. The sequencing data of the amplified product for type I signal peptidase of P yoelii (PySP, Figure 1a is 1038-base pair (DDBJ/EMBL/GenBank database accession number AY787663) (Pyl 02555) contains no introns and it codes for a protein of 346 amino acids (PY07139) with calculated molecular weight of ∼41 kd and a theoretical pI of 9.72. The sequencing data of the amplified product for type I signal peptidase of P knowlesi (PkSP, Figure 1a , lane 4) revealed that the gene is 951 base pair (DDBJ/EMBL/GenBank database accession number AY787662) (Pk 1527d10q1c) contains no introns and it codes for a protein of 317 amino acids with a calculated molecular weight of ∼37 kd and a theoretical pI of 10.02. To estimate the copy number of type I signal peptidase of P falciparum, genomic DNA was isolated by standard methods and analyzed by Southern blotting using various restriction enzymes. Only one band was detected with the restriction enzymes BglII (∼2 kb) and NdeI (∼5.5 kb) (Figure 1c, lanes 1 and 2) . These data suggest that the type I signal peptidase gene in P falciparum may be present only at single copy per haploid genome as reported for other signal peptidases [2] . Using the Mac vector 7.1 program, multiple alignment of the signal peptidases from P falciparum, P yoelii, P knowlesi, human Imp2, Escherichia coli, Saccharomyces cerevisae, Staphylococcus aureus, Streptomyces lividans, and Arabidopsis thaliana was done and ∼10-44% identity and ∼ 6-16% similarity were observed between the type I P falciparum signal peptidase and its homologue from other species (Figure 2a) . The sequence of type I signal peptidase from P falciparum was found to be in very good agreement with virtually all known type I signal peptidases regarding the presence of distinct protein domains. It was observed that the type I signal peptidase from malaria parasites contains the identifiable boxes B-E in the carboxy-terminal catalytic domain, which are also present in all the other known type I signal peptidases. The first conserved region of the sequence is box A, which is part of the hydrophobic segment that helps to anchor the catalytic domain to the membrane. The location of domains B-E of type I signal peptidase of P falciparum is shown in Figure 2b . In P falciparum, box B contains the residues 173-180 and the important serine residue at position 175, which probably serves as the nucleophile in the catalytic reaction. This box also contains a conserved methionine at position 176, which helps in the catalytic mechanism. In P falciparum, box C contains residues 255-264 and in other species it has been shown that the second valine in this box is part of the substratebinding pocket [20] . Box D contains the residues 271-282 and a conserved arginine at position 275. This box also contains the proposed general-base lysine 274, which forms the S1 substrate-binding pocket in other species [20] . Box E contains residues 304-314, which includes the highly conserved glycine 304, aspartic acid 305, and asparagine 306 as well as aspartic acid 312 and arginine 314. From these data, it is evident that P falciparum type I signal peptidase contains all the conserved domains, which contribute to the catalytic site. It is clear from Figure 2a that the distances and position of the essential residues for catalysis are well conserved in these Plasmodium species.
The topology of type I signal peptidases varies significantly and it has been reported that the majority of these enzymes from gram-negative bacteria have multiple transmembrane segments at the N-terminus for assembly of the enzyme into the membrane and a carboxyterminal catalytic domain [1, 4] . On the other hand, type I signal peptidases from gram-positive bacteria (e.g., Bacillus subtilis, Staphylococcus aureus, and Streptococcus pneumoniae) and some gram-negative bacteria (e.g., Bradyrhizobium japonicum, Rhodobacter capsulatus, Rickettsia rickettsii, and Rickettsia typhi) are smaller in size with only a single transmembrane segment at the Nterminus for the assembly into the membrane [1, 4, 21, 22] . The topology of type I P falciparum signal peptidase can be compared to the signal peptidases of gramnegative bacteria. The secondary structure for the P falciparum type I signal peptidase was examined by using the TMpred program (http://www.ch.embnet.org/ cgi-bin/TMPRED form parser). This program predicts two possible models for the transmembrane regions in P falciparum type I signal peptidase. The strongly preferred model with higher score predicted two transmembrane regions (shown in Figure 2b ) while the alternative model with lower score predicted only one transmembrane region.
It has been reported previously that in vitro selfcleavage takes place in all the investigated bacterial type I signal peptidases including enzymes from E coli, Bacillus subtilis, and S. pneumoniae [23, 24, 25] . The effect of phospholipids on in vitro self cleavage of S pneumoniae type I signal peptidase has also been studied and it has been shown that in the presence of phospholipids, the self-cleavage occurred at one cleavage site between Gly36-His37 [25] . For biochemical characterization of P falciparum type I signal peptidase, the gene was cloned at BamHI and HindIII sites in the bacterial expression vector pET28b (Novagen), which contains hexa-histidine tag at both the N-and C-termini. The resultant construct was transformed into E coli strain BL21(DE3)pLysS. This strain of bacteria lacks an outer membrane protease, which improves recovery of intact recombinant proteins. The transformed E coli cells were grown and induced with IPTG for protein expression at 37
• C for various times from 30 min to 4 h. The protein contains 44 additional amino acids of the vector, which includes the histidines at both the N-and C-terminals. Preliminary studies about localization of the recombinant type I signal peptidase from P falciparum revealed that the protein is localized in the inclusion bodies. Therefore, the bacterial pellet was resuspened in the urea buffer and sonicated to recover the proteins. This lysate was further purified using Ni 2+ -NTA-agarose matrix. The proteins bound to the Ni 2+ -NTA-agarose matrix were checked for purity by SDS-PAGE and western blot analysis using anti-His antibodies. Figure 3a shows the Coomassie blue stained gel and the arrows marked a, b, and c show the possible degraded products of type I signal peptidase (Figure 3a, lane 1) . The western blot analysis also detected the same three bands of ∼ 23.6, ∼ 22.7, and ∼ 10.3 kd (Figure 3a, lane 3) . The appearance of degraded products increased with increase in the time of induction (data not shown). These data show that the preparation does not contain any intact type I signal peptidase protein. The size of the bands in western blots suggests that the type I signal peptidase of P falciparum is degrading autocatalytically at its own active site Gly-SerSer-Met (GSSM) and probably one additional recognition site Ala-Ile-Ser-Asn (AISN) in the N-terminal of the protein. The two most likely sites of predicted signal peptidase cleavage and the predicted sizes of the bands after this degradation are shown in Figure 3b . Previous studies of sequences surrounding the cleavage site recognized by type I signal peptidase have shown that Ser can occur at −1 position instead of customary Ala and Gly can occur instead of Ala at −3 position [14, 24] . The degradation position between residues Ser-59 and Asn-60 conforms to this and the cleavage between Ser-175 and Met-176 residues is predicted by the occurrence of Ser-175 and Gly-173 at −1 and −3 positions, respectively. Previous studies have shown that E coli SPase I is also cleaved autocatalytically at a consensus cleavage site at its N-terminus [23] .
For studying if the signal peptidase from P falciparum is functionally active, E coli IT41 cells were used. These cells have a single mutant copy of the leader peptidase B gene and are temperature sensitive for preprotein processing [5] . The strain shows normal growth at 30
• C, but growth is dramatically affected at the nonpermissive temperature (42 • C). This temperature sensitive mutation can be complemented by a plasmid, which carries a functional leader peptidase B gene. In a number of previous studies, this assay has been used to demonstrate type I signal peptidase activity from a variety of sources. These include the enzymes from Salmonella typhimurium [26] , Bradyrhizobium japonicum [21, 27] , Staphylococcus aureus [28] , Streptococcus pneumoniae [29] , Streptomyces lividans [30] , Bacillus amyloliquefaciens [31] , Rickettsia rickettsii and Rickettsia typhi [22] , and Legionella pneumophila [16] .
The P falciparum type I signal peptidase gene cloned in pET-28b plasmid was used to evaluate the effect of overexpression of P falciparum signal peptidase on its complementation capacity. Growth of E coli IT41 harboring signal peptidase pET-28b-SP and the respective control plasmid pET-28b was monitored at 42
• C. The results show that type I signal peptidase of P falciparum supported growth at the nonpermissive temperature and it can process all the E coli proteins which are necessary for cell viability (Figure 3c ). These data confirm that type I signal peptidase from P falciparum is functionally active.
In this study, we present the cloning and sequence analysis of the putative type I signal peptidase genes from P falciparum, P knowlesi, and P yoelii. The amino acid residues serine and lysine critical for catalytic activity of type I signal peptidase in other species and the catalytic domains (boxes B through E) are shown to be conserved in these parasite species. We have also shown that type I signal peptidase from P falciparum is an intron-less and single-copy gene. The expression and characterization of type I signal peptidase from P falciparum shows that it is degrading autocatalytically at two sites and the complementation assay shows that it is functionally active. Further studies towards identifying the exact cleavage site and production of mutated proteins are in progress. This study is the first step towards the elucidation of one of the important components of the secretory pathway in P falciparum, and should make an important contribution in understanding the complex process of protein targeting in the parasite.
